A disaggregate spatial analysis, using enumeration district data for London was conducted with the aim of examining how congestion may affect traffic safety. It has been hypothesized that while congested traffic conditions may increase the number of vehicle crashes and interactions, their severity is normally lower than crashes under uncongested free flowing conditions. This is primarily due to the slower speeds of vehicles when congestion is present. Our analysis uses negative binomial count models to examine whether factors affecting casualties (fatalities, serious injuries and slight injuries) differed during congested time periods as opposed to uncongested time periods. We also controlled for congestion spatially using a number of proxy variables and estimated pedestrian casualty models since a large proportion of London casualties are pedestrians. Results are not conclusive. Our results suggest that road infrastructure effects may interact with congestion levels such that in London any spatial differences are largely mitigated. Some small differences are seen between the models for congested versus uncongested time periods, but no conclusive trends can be found. Our results lead us to suspect that congestion as a mitigator of crash severity is less likely to occur in urban conditions, but may still be a factor on higher speed roads and motorways.
Introduction
Congestion reduction is often stated to be one of the primary goals of transport policy. This is seen as desirable due to the economic costs associated with traffic congestion. Travel delay is seen as both reducing economic productivity and reducing the quality of life of those stuck in traffic. All else equal, congestion reduction is a desirable policy.
However, all else is not normally equal. In particular, it has been speculated that there may be an inverse relation between congestion reduction and improved safety (Shefer & Rietveld, 1997) . Free flowing traffic will normally travel at speeds that make the likelihood of fatalities higher when accidents occur. On the other hand, congested traffic can slow traffic such that fatalities are unlikely to occur in the event of an accident. Increased traffic levels and congested traffic will increase the number of interactions between vehicles and potential collisions. Therefore, it is plausible that while more congested traffic may lead to more accidents, the outcomes of those accidents are less severe.
This poses a potential policy dilemma for decision makers. External costs associated with congestion may be off-set by external benefits associated with fewer traffic fatalities due to congestion.
Recent empirical evidence suggests that these effects do occur. Zhou & Sisiopiku (1997) examined a sixteen mile segment of an Interstate freeway in Michigan. They correlated accidents with the volume to capacity ratio of the freeway finding that this tended to follow a U-shaped curve. That is, more accidents occurred when vehicle flow was relatively low and when it was relatively high. However, more severe injury and fatal accidents tended to decrease as the volume to capacity ratio increased, strongly suggesting that more congested links lead to lower accident fatalities. Another study of traffic flow on interurban French motorways found that crash severity levels are greater during night-time hours (Martin, 2002) . A study of highways in Connecticut also found that larger volume to DRAFT: Please do not cite without permission of the authors capacity ratios are associated with a reduced number of crashes (Ivan et al., 2000) . This latter result is not necessarily consistent with the theory formulated by Shefer & Rietveld as this result included all levels of crash severity.
These studies were not focused on urbanized road conditions. Dickerson et al. (2000) used data from London (as we do) to examine the relationship between accident externalities and traffic flow. While not disaggregating by severity levels, they conclude that at high traffic flows there is a substantial negative externality while at low flow levels there is not.
This result suggests that the theory elaborated by Shefer & Rietveld (1997) may not hold but one can't say for certain without disaggregating accidents by severity level.
The study reported here attempts to do this, again using data from London. Our data set consists of highly disaggregate spatial units, enumeration districts, for which we have over 15,000 units. This data is overlayed with accident data from the STATS19 database by severity level of accident and time of day of the accident. This gives us data on fatal, serious injury, and slight injury accidents which we disaggregate by day and nighttime periods. We also disaggregate pedestrian casualties since about 19% of all the casualties in our database are pedestrians and nearly 50% of fatalities are pedestrians. Our models include other spatial data that may be associated with accidents, including road network data and demographic data. We control for inner and outer London areas and various other proxies for congestion.
Therefore we estimate models that attempt to control for congestion both temporally and spatially.
Results are inconclusive and we cannot confirm the hypothesis of Shefer & Rietveld (1997) . We find that our proxy variables for relative congestion do not seem to be giving the anticipated result. In general we find no differences between Inner and Outer London.
Minor differences are found between models for congested versus uncongested time periods but no conclusive trends can be found. Overall, our results tend to suggest that these effects are minor or non-existent in London. We speculate that this may be because speeds are generally low both in congested and uncongested areas and that those areas that are congested already have infrastructure in place that mitigates the safety effects associated with high speed traffic.
The data sources used for this analysis are described in some detail in the next section.
We then present the statistical method used followed by a presentation and interpretation of the results. Conclusions are then presented.
Data
Our analysis focuses on the Greater London metropolitan area. The total area of the metropolitan area is about 1580 sq km of which Inner London is about 320 sq km (20.2%) and Outer London is 1260 sq km (79.7%). The boundaries are shown in Figure 1 . The spatial data unit used in our study is the Enumeration District (ED). These consist of an average of 200 households each and for the Greater London area there are 15,366 units. These are shown graphically in Figure 2 , which also shows the distribution of traffic casualties within each ED. The geographical size of the ED's varies since they are delineated based on the number of households in each. The average size of each ED is about 10 hectares, with the smallest being 0.065 hectares and the largest being about 950 hectares.
The digital ED boundary data and road network data were obtained from UK Ordnance Survey (OS) data via EDINA services (UKBORDERS and Digimap respectively).
Data on traffic casualties was extracted from the STATS19 database and is geo-coded and assigned to the ED's using a geographic information system (GIS). Demographic data on population and employment was obtained from the Office of National Statistics. Car ownership data was based on 1991 UK census data. Information on hospital locations was supplied from NavTech by Saturn Technology UK. All these databases were integrated using a GIS that allowed aggregation to the ED level.
The STATS19 UK national road accident database has information on the recorded location of an accident, identified by its x and y coordinates corresponding to the British National Grid coordinate system. STATS19 disaggregates the outcome of each accident by fatalities, serious injuries and slight injuries, as well as many other variables that identify the individual, the vehicles involved, and other factors associated with the accident. Of these other factors we also disaggregate by time of day of the accident and weekdays and weekends. This allows us to have accident data for a congested time period (7:00am -8:30pm on weekdays) and uncongested time period (8:30pm-7:00am on weekdays). We disregarded weekend data for this analysis since weekend patterns of congestion may be quite different. Casualty data was aggregated for three years of data, 1999-2001.
The total number of casualties appears to vary significantly between the congested and uncongested time periods. Over 82% of total casualties occur during congested periods while only about 18% occur during the uncongested times of the day (excluding weekends). Table 1 shows that during the congested time period the percent of accidents that are fatalities is lower, at 69% relative to the percent of serious and slight injuries (79% and 83%, respectively). Inner London, which is relatively more congested also has a lower percent of fatalities (43%) relative to Outer London (57%), while the percent of serious and slight injuries is larger in Inner London. Similar trends also hold for pedestrian casualties, with the percent fatalities being lower during congested time periods and in Inner London, relative to injuries. This would tend to suggest that congestion would tend to mitigate the more severe accidents, as suggested by Shefer and Rietveld (1997) .
To obtain data on features of the road network, data was obtained from EDINA
Digimap Meridian2
TM data, which is derived from the latest available versions of Ordnance Survey (OS) data. This data uses the National Grid coordinate system for describing locations within Great Britain and is therefore easily entered into our GIS. The coordinate resolution of the data is one meter. It is a geometrically structured vector database customized from a variety of OS datasets that define the real world geographic entities (objects) as point and line features. Different infrastructure features were extracted from the data including motorway, A road, B road, minor road, roundabouts and nodes. Three leg and four leg junctions were derived from the node data using a MapBasic program. These are identified within the database distinct from just nodes as shown in Figure 3 . In our analysis we normalize these by land area so that we can represent the intensity of these road network features within a given ED. Information on public transport accessibility was obtained from Transport for London (TfL). This included the location of bus stops, underground stations and railway stations.
These were aggregated to the ED level using our GIS. Bus stop data was normalized by area while for underground and railway stations we include a dummy variable if at least one is located in the ED. Spatial location of national railway stations and underground stations within Greater London are shown in Figure 4 .
Recent work has shown the importance of medical technology in reducing fatalities in accidents (Noland & Quddus, in press; Noland, in press 
in which ij d is the centroid distance from ED i to ED j. Origin and destination traffic within an ED is proportional to the level of total employment, i E for ED i. Therefore, following
Graham and Glaister (in press), we define proximate employment, Intuitively this is essentially a gravity measure of the distribution and interaction between activities, commonly used to determine how traffic is distributed within a region.
Summary statistics for the variables used in the analyses is presented in Table 2 and Table 3 . Note that the total casualty figures are only for the weekdays; summary statistics for the congested versus the uncongested period are also shown.
Statistical Methodology
The Poisson regression model is a natural first choice for modeling discrete, random, nonnegative and sporadic events such as traffic accidents. The Poisson distribution has only one adjustable parameter, namely the mean ? , which must be positive. A log-linear relationship between the expected number of casualties and explanatory variables is a more commonly used formulation, i.e.,
In this case n i is the number of casualties occurring on each ED over a given time period, i X is a vector of explanatory variables indicating infrastructure, demographic and other characteristics of the ED i and ß is a vector of estimable coefficients. The probability density function can be expressed as
However, the Poisson regression model has some potential problems. The rate at which events occur during a period of observations may not be a constant, that is, the variance of n i may not be equal to the mean. Various deviations from the basic Poisson process can result in overdispersion in the data (Washington et al., 2003 
Here ? is a non-negative random term, representing the unobserved variation across observations. One can think of ? either as the combined effects of unobserved variables that have been omitted from the model or as another source of pure randomness (Washington et al. 2003) . The probability density function for the NB distribution can be expressed as 
is often referred to as the overdispersion parameter. In the analysis that follows we estimate NB models since most often accident data will display overdispersion and tests of our models indicate that this is the case for our data.
Results
The basic objective of our analyses was to test whether the hypothesis that congestion on urban streets and highways provides a safety benefit. For this reason our analyses strategy was to evaluate several models. First, we disaggregate the data by severity of the casualty that results, by fatality, serious injury, and slight injury. We also disaggregate the analyses by time of day, specifying a congested time period of 7:00am to 8:30pm on weekdays and an uncongested time period of 8:30pm to 7:00am, also just on weekdays. We control for spatial congestion by including a dummy variable to control for Inner London versus Outer London, with the former tending to be more congested. In addition, we analyze similar models for pedestrian casualties. This is done mainly because pedestrian casualties constitute about 19% of total casualties in London and pedestrian fatalities are about 50% of all traffic fatalities in London. Table 4 displays results for a NB model using data from the congested time period (7:00am to 8:30pm, weekdays). Table 5 shows the same analyses using the uncongested time period (8:30pm to 7:00am, weekdays). Similar pedestrian casualty models are shown in Tables 6 and 7 . All models contain numerous explanatory variables which are discussed in turn in the sections that follow.
Proxy variables to measure congestion
An indicator variable was included for those ED's located in Inner London. These correspond to the most congested parts of the city. This variable is not statistically different from zero (at the 95% confidence level) for the three models of the congested time period (Table 4) . In other words, we are picking up no residual difference between Inner and Outer London that could explain differences in all three types of casualties. We do pick up a slight negative effect for slight injuries being less likely in Inner London compared to Outer
London during the congested time period. One could speculate that congestion levels are similar throughout the region during these hours and thus one would not expect to see large differences, however, on balance congestion is probably more persistent within Inner London compared to Outer London.
In the models for uncongested time periods (Table 5) , the Inner London dummy variable has a low level of significance (about the 75% level) in the fatality model. The coefficient value is relatively high at 0.3134 compared to other estimates for this variable.
This seems to be imply that during uncongested time periods there is a slight difference between Inner and Outer London with the former being more likely to have fatalities, all else equal. Whether this is due to less congestion during these time periods cannot be determined.
The models of pedestrian casualties (Tables 6 and 7) show no significant difference between Inner and Outer London. Inner London clearly has more pedestrian traffic than suburban areas, so perhaps this merely reflects increased exposure levels in Inner London versus increased risk in Outer London off-setting each other.
Another key variable which proxies for relative congestion levels is our measure of proximate employment. This has a positive but weak level of statistical significance in the fatality model for the congested time period but is positive and significant for serious and slight injuries (Table 4 ). In the models of uncongested time periods only the injury models are clearly positive and significant (Table 5 ). In both cases the coefficient value is larger for serious injuries than for slight injuries, opposite of what we would expect. However, we also see that during the uncongested time period these coefficient values are larger than during the congested time period. This means that proximate employment (a VMT proxy) seems to result in more injuries during uncongested time periods than during congested time periods.
This would seem to suggest that if this variable represents congestion that congestion may lead to fewer accidents with serious and slight injuries. The same general trend holds in our pedestrian models (Tables 6 and 7 ) with a much stronger effect for pedestrian fatalities during uncongested time periods (at a 90% level of significance).
A third variable that could proxy for localized congestion within the ED's is our measure of employment density. These areas would presumably be more congested during the daytime and uncongested at night. Slight injuries appear less likely during congested time periods but during uncongested time periods coefficient values are all negative (Tables 4   and 5 ). Results are also indeterminate in the pedestrian models with conflicting results for the effects during congested time periods, with slight injuries being positive and significant while serious injuries have a negative value (Table 6 ).
Our results appear to be relatively indeterminate as to whether congestion mitigates the severity of traffic crashes. A clear conclusion could have been made if the Inner London dummy variable showed a negative and significant effect for fatalities during congested periods with this effect disappearing during uncongested time periods. A similar effect for the proximate employment variable would have led to a clearer conclusion. Clearly we do not have details on actual vehicle speeds and flows within each ED and this complicates interpretation of these results. There seems to be some weak evidence that during uncongested time periods the probability of injuries is greater than during congested time periods, but no evidence that the probability of fatalities increases.
Interactions with road infrastructure
Congestion effects could perhaps be mitigated by differences in the road infrastructure within Inner London compared to Outer London. An analysis of variance (ANOVA) confirms that all the independent variables in our analysis, with the exception of railway stations, have a different average value when Outer and Inner London ED's are compared (see Table 8 ). Inner London has a higher density of Underground stations and bus stops, relative to Outer London. Inner London also has a higher density of road length (with the exception of Motorways) and a higher density of both three-leg and four-leg junctions, compared to Outer London. The density of roundabouts is higher in Outer London. Both employment density, population density and proximate employment are also higher in Inner
London. The distance to the nearest hospital is higher in Outer London. More households in
Inner London do not own cars compared to Outer London.
The effect of the infrastructure variables on casualties is of most interest as differences in these may be endogenous. That is, if these factors have an effect on safety, it is possible that changes have been made over time such that they mitigate adverse safety impacts associated with the traffic volumes in these areas. In general, we would expect that denser primary (A and B) road networks would lead to more vehicle interactions and more accidents. For the congested time period (Table 4 ) we see that increased A road density is positive and statistically significant. The coefficient for slight injuries is highest, but not much higher than that for fatalities. For the uncongested models (Table 5 ) the coefficient value is highest for the fatality model. These results suggest that while A road density is associated with higher fatalities and injuries, during uncongested time periods the effect seems to be associated more with fatalities than with injuries. Interestingly, in the pedestrian casualty models (Tables 6 and 7 ) while these effects are still positive (and in most cases statistically significant), parameter values are generally lower.
Results are somewhat different for B road density. For congested time periods, B road density is associated with more slight injuries. There is no significant effect for either uncongested time periods or in the pedestrian models.
Minor road density is generally associated with fewer casualties in all cases, except there is no association with fatalities during uncongested periods (for both total fatalities and pedestrian fatalities). The value of the coefficient is largest for the association with fatalities, that is, there is a stronger effect on reducing fatalities in congested areas, relative to both injury categories, when minor road density is higher. This does not hold during uncongested time periods where the association is stronger for the injury models. Clearly, given that minor roads will tend to have lower speeds, those ED's with denser minor road networks will have fewer casualties of all types probably due to the lower average speeds on minor roads.
Our results suggest that as the density of the road classes moves from minor to B road to A roads, we see an increasing association with all types of casualties.
Motorway density is found to be associated with more slight injuries during congested time periods. During uncongested time periods increased motorway density is also associated with more serious injuries. To some extent this supports the idea that less congestion increases the severity of accidents and we would expect to find this effect stronger in ED's with motorways. This seems to be the case, although motorway density does not appear to be associated with more fatalities. Pedestrian casualties are not associated with motorway density, not surprisingly, since pedestrians are prohibited from using motorways.
Junctions are normally considered relatively hazardous as this is where more vehicles interact and accidents are more likely. We find no statistically significant effect with respect to fatalities in any of the models. There are strong associations between junction density and injuries. Four-leg junction density appears to be positively associated with slight injuries during congested time periods, while three-leg junctions are positively associated with both serious and slight injuries. During uncongested time periods we find that four-leg junction density is positively associated with both serious and slight injuries while three-leg junction density is not. In the case of pedestrian casualties (Tables 6 and 7) , we find that both three and four-leg junctions are associated with both serious and slight injuries during congested time periods. Four-leg junctions show no association with pedestrian injuries during uncongested time periods while three-leg junctions do (opposite the effect found for all injuries).
These results would tend to support the assertion that increased potential vehicle interactions increases accidents. In any case, this result would seem to support the hypothesis that increased vehicle interactions leads to more accidents, but that these accidents are not necessarily fatal accidents.
We find the surprising result that roundabout density does not seem to be associated with fewer casualties but has a positive association with increased slight injuries. This occurs during both congested and uncongested time periods. This effect is not present for pedestrian injuries but during uncongested time periods there is a small (at the 80% confidence level)
positive association with increased pedestrian fatalities. This latter result could be an indication of the risks associated with uncongested traffic.
The surprisingly positive association of roundabout density with slight injuries could actually be an indicator of the relative safety of roundabouts. Roundabout locations may be endogenous, in that they were constructed at junctions with high accident probabilities.
There is no way to know if the positive association with slight injuries may be due to the inherent danger of the conditions at these junctions that have been mitigated by roundabout construction. In other words, if these were normal junctions, then perhaps they would be associated with serious injuries and fatalities.
The location of public transport stations would tend to be associated with high levels of pedestrian activity and relatively more congested traffic. This would be particularly true in the case of London Underground stations. We include a dummy variable for whether an ED has an Underground station and find a significant and positive association with all casualties during congested time periods (Table 4 ). This association also occurs during uncongested time periods and coefficient values are actually slightly higher, especially for fatalities (Table 5 ). Therefore, this result would tend to support our conclusion that congestion may mitigate the severity of accidents, although the differences are quite minor.
One possibility is that these effects are due to pedestrian traffic accessing the Underground station. Our pedestrian models show similar associations during congested time periods but no association with fatalities during uncongested time periods (Tables 6 and   7 ). Of course, pedestrian activity around the station would be very low when the stations are closed during nighttime and early morning hours.
The location of railway stations shows an association with serious and slight injuries for both congested and uncongested time periods and for both all injuries and just pedestrian injuries.
The density of bus stops was also included in our models. These were strongly associated with all classes of casualties, except pedestrian fatalities during uncongested time periods. These effects may be due to the presence of buses causing vehicle accidents but the results for the pedestrian models suggest that greater pedestrian activity around bus stops may lead to the association with more pedestrian casualties.
Demographic variables
We include various demographic variables in our model to control for other effects associated with casualties. We find that higher residential population density is strongly associated with reductions in casualties. This is consistent with the findings of Noland & Quddus (2003) in a spatial analyses of all of England. This effect appears to be strongest (i.e.
highest negative coefficient value) for the association with fatalities (both in total and for pedestrians). This effect may be due to the lower speed limits in areas with higher population density.
We also find an association with the percent of households with no cars. That is, the fewer cars, the more casualties in all our models. Our car ownership data dates from 1991 while our casualty data is from 1999-2001, which may introduce some uncertainty in this result as car ownership in London continues to increase. However, we would expect those areas with lower car ownership in 1991 to still have lower car ownership in 1999-2001. This result possibly suggests some association of casualties with more deprived areas, as suggested by Graham & Glaister (in press ) for pedestrian casualties.
Finally, we include a proxy variable to control for access to medical care. This is the distance to a hospital for each ED. We would expect greater access to a hospital to decrease the likelihood of a fatality but have less affect on injuries. We find no consistent pattern in our results. One possibility is that we do not have data on which hospitals have accident and emergency services and thus we may not be capturing the effect of fast access to medical care. In addition, ambulances may be dispatched from other locations, so actual time from the occurrence of an accident until the patient is transferred to a hospital may not be correlated with these distances.
Conclusions
Our analysis attempted to determine if the hypothesis that traffic congestion may result in some safety benefits could be confirmed. For the data analyzed here, for the greater London metropolitan area, we find little evidence to support this hypothesis. Spatial differences between Inner and Outer London appear to be minor. Differences between our models for congested time periods and uncongested time periods, in general, do not lead us to any firm conclusions.
Some of our results suggest that there may be some small negative safety effects associated with reduced congestion. We found a small positive association between roundabout density and pedestrian fatalities. Roundabouts tend to be difficult for pedestrians to cross and during nighttime areas with higher roundabout density appear to be more hazardous. Exposure also appears to be a key confounding factor, especially for pedestrian activity. We find that public transport stations tend to be associated with more casualties, but less so during uncongested time periods when pedestrian activity would be much less (i.e., when stations are closed).
The density of various road classes also shows some intriguing results. Areas with higher minor road density are associated with lower casualties, while those with higher A road density tend to be associated with more casualties. This may be due to higher traffic levels on A roads but may also be due to lower speeds on minor roads.
Our results for motorway density indicates some effects that might confirm the hypothesis of congestion being beneficial for safety. Results showed increased serious injuries during uncongested time periods, but no increased association with fatalities. This evidence is clearly weak, but does suggest that while these effects may not be occurring on urban roads, they may still be present on motorways or higher speed roads. Clearly, more research is needed into these effects to fully understand the interactions between congestion and road safety. 
